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Metal  forming  processes  today  operate  with  astounding  productivity,  repeatably  creating  precise  parts  in
high volumes  out of the  stock  sheet  and  bar  products  of  the  upstream  metals  industries.  This  achievement
has  come  through  decades  of  development  of ever  stiffer  and more  precise  tooling  used  in  fast-acting
tightly  controlled  equipment,  and  yet  in the wider  context  of  manufacturing,  metal  forming  processes
seem  to be less  effective:  tooling  costs  are  high,  and can  only  be  justiﬁed  by large  batch  production;  the
parts made  by  metal  forming  are  usually  not  as  required  for assembly,  and  must be  processed  in further
downstream  machining  operations;  current  processes  do not  respond  well  to process  disturbances  such
as tool  wear  or unanticipated  variation  in  material  properties;  twenty  years  of laboratory  development  of
new ﬂexible  forming  processes  has  led  to little  industrial  take-up,  due  to a lack  of precision.  The  missing
ingredient  in  forming  which  gives  rise  to these  problems  is  the  absence  of  effective  closed-loop  control  of
product  properties.  The  normal  practice  for blacksmiths  and craft  workers  in former  times  –  using  their
personal  senses  to adjust  processing  in  response  to evolving  conditions  – has  been  forgotten  in the  pursuit
of  process  rigidity.  This paper  therefore  aims to  motivate  a new  wave  of  interest in applying  closed-loop
control  of product  properties  to metal  forming  processes.  A novel  framework  is developed  to  show  metal
forming  processes  at the  heart of  an  outer  control  loop,  and  existing  applications  are  reviewed.  Surveys  of
sensors,  actuators  and  modelling  techniques  reveal  a rich  seam  of  opportunities  for new  developments,
and  the  paper  concludes  with  some  suggestions  about  near  term  opportunities  for  applying  closed-loop
control  of  properties  to metal  forming  processes.
©  2014  The  Authors.  Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license. Introduction: today’s metal forming makes the wrong
hapes
The very earliest metal production involved no losses and no
xed tooling, yet intricate products could be created: a single bil-
et of metal was cast and forged by hand to the required, tailored
eometry. Machining – removing material to cut a shape out of the
orged product – could begin only once a cutting tool stronger than
he metal was created, but almost without conscious choice, the
orld of manufacturing has become addicted to machining: since
he invention of the Bridgeport machining Centre in the 1930s,
achine makers have gone on to produce relatively low cost 5-axis
or more) CNC machining centres capable of astonishing precision
nd speed in converting forged metal into products plus scrap. In
∗ Corresponding author. Tel.: +44 01223 338181; fax: +44 01223 332643.
E-mail address: jma42@cam.ac.uk (J.M. Allwood).
ttp://dx.doi.org/10.1016/j.jmatprotec.2014.04.014
924-0136/© 2014 The Authors. Published by Elsevier B.V. This is an open access article u(http://creativecommons.org/licenses/by/3.0/).
fact, the success of CNC machining has created a strange oblivion
in the world of metal forming: our earliest forebears created prod-
ucts of the required shape by forming, with no loss of metal; our
standard procedure today is to allow forming to make intermedi-
ate products far from the geometry required in ﬁnal products, and
allow CNC machining tools to remove material with precision until
the ﬁnal component is liberated from the approximate shape cre-
ated by forming. Milford et al. (2011) estimate that one quarter of
all steel produced worldwide – and a half of all the metal used to
make sheet metal – is cut off in manufacturing and scrapped, never
reaching service in the ﬁnal product.
In order to compete with CNC machining, metal forming pro-
cesses have had to improve on two  criteria: accuracy and ﬂexibility.
In order to compete with the accuracy of CNC machining, deve-
lopers of metal forming equipment have built larger and larger
machines, using bigger and stiffer tools to force blanks into the
required geometry. Not only is the cost of these tools great, but
also the difﬁculty of predicting the effects of springback leads to
a higher cost of tooling due to the need for die try-out. This high
nder the CC BY license (http://creativecommons.org/licenses/by/3.0/).
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ost tooling is only economically attractive for large volume pro-
uction runs. Industries such as aerospace that are inherently low
olume producers cannot incur these costs, so instead opt to allow
orming to create very approximate geometries from which the
equired part is liberated by machining with enormous waste of
aterial: the “ﬂy-to-buy” ratio (of material taking off in an aero-
lane compared to material purchased) is consistently worse than
0% (Milford et al., 2011).
Competing with CNC machining on ﬂexibility has been the focus
f twenty years of innovation since the early 1990s, as illustrated by
evelopments in CNC-servo-presses (reviewed by Osakada et al.,
011), a survey of novel process designs in Japan (Allwood and
tsunomiya, 2006), a survey of possible novel ring-rolling pro-
esses (Allwood, 2007) and innovations in process designs for both
ncremental sheet forming (reviewed by Jeswiet et al., 2005) and
ncremental bulk forming (reviewed by Groche et al., 2007). Addi-
ionally, Allwood (2008) presents a structured search for new metal
orming processes highlighting that there is a large number of
otential novel process conﬁgurations, although he notes that not
ll will be relevant or commercially viable. However, as yet these
rocesses have had little take-up in industry, primarily because
hey create products with poor geometric accuracy and high resid-
al stresses.
One of the missing features of these ﬂexible metal forming
rocesses – and one that was inherent to the early manual skills
f primitive blacksmiths – is closed-loop feedback control. With
yes, ears and touch, the early blacksmith would adapt his planned
pproach to forming in response to material behaviour, temper-
ture and tool wear. CNC machining centres can perform well
ithout such feedback for the simple reason that cutting tools affect
nly the material with which they are in contact. Metal forming, in
hich the tools inﬂuence all of the product properties, and over a
uch wider area than the zone of contact, requires more sophisti-
ated feedback and compensation – easily provided by human craft
orkers – but as yet this compensation has received little attention
n the development of industrial forming equipment.
Hardt (1993) reviewed applications of closed-loop control of
roduct properties published in the ASME Journal of Dynamic Sys-
ems, Measurement and Control and claimed that there was  little
ocus from the dynamics and control community on manufactur-
ng processes or process control – There were only 25 papers in
he journal in the preceding 30 years, and only 2 of these related
o metal forming, with the rest on machining, welding or casting.
ore recently, Lim et al. (2008) reviewed closed-loop of product
roperties in sheet metal stamping processes and found that a great
eal of work had been done in this area, but concluded that there
as still progress to be made in faster modelling and cost-effective
ensors.
The aim of this paper is therefore to provide a more compre-
ensive and recent review of attempts to introduce closed-loop
eedback control into ﬂexible metal forming processes, and
ttempts to anticipate the potential for future developments in the
rea, by assessing the building blocks (actuators, sensors and mod-
ls) already in place that could be deployed in future closed-loop
ontrol systems. Section 2 provides a framework for consider-
ng how metal forming processes can be examined within theoop control of metal forming.
formalities of existing closed-loop control theory, and anticipates
the key components of the system: sensors, actuators, models and
control algorithms. Following a survey of preliminary applications
published to date, the next three sections of the paper examine
these component requirements in turn, to demonstrate that most
of the “toolkit” required to implement closed-loop control of metal
forming is already available. The ﬁnal section explores how the
topic could develop by predicting how it might apply in processes
already under development.
2. A theoretical basis for metal forming processes as the
heart of closed-loop control systems
Potentially, equipment makers might respond to the challenge
of the opening section of this paper by pointing out how much use
they already make of closed-loop control. However, the standard
control systems of current equipment, while indeed operating
within a closed-loop, take no account of the behaviour of the
product during processing. Instead, they act to ensure that the
equipment’s actuators move precisely according to a “tool-path” or
“schedule” planned before processing begins. Indeed, Hardt (1993)
highlights that this approach has only an indirect inﬂuence on the
actual process output, despite being the focus of much of the work
in the area of control in manufacturing. This approach to control
is illustrated in Fig. 1, which shows what – within this paper – we
will call “open-loop” control of metal forming.
Fig. 1 shows the use of feedback control to compare the current
position of tools to that planned prior to the operation begining,
and to compensate for any error in position. This form of control
system is a mature technology, and most commercial machines sold
today will be sold with impressive guarantees on the accuracy of
tool positioning during operation.
Typical ofﬂine process planning algorithms as shown in Fig. 1
use a model to predict the effect of control actions on the ﬁnal part.
The evolution of P properties of the part, such as geometry, temper-
ature and grain size, is described by partial differential equations,
and solved via a discretisation in space with N nodes at locations
x, and recorded as a NPx1 state vector, q(x,t) at time, t. The pro-
cess model can then be expressed as a ﬁrst order, vector, ordinary
differential equation
d
dt
q(x, t) = fc(q(x, t), u(t), t) q(x, 0) = qi(x) (1)
where qi(x) is the initial state of the metal at t = 0 and fc(q(x,t),u(t),t)
describes the evolution of the metal’s properties over time under
the effect of a set of actuators whose time varying inputs are
denoted by the vector u(t). The function fc(q(x,t),u(t),t) depends
upon time explicitly to reﬂect the possibility that the effect of the
actuators may  vary over the time span of the processing.
In practice, it is usual to apply a ﬁnite number of control inputs
to the actuators at discrete time intervals, tk = kT,  where {k = 0, 1,
2, . . .,  K}, K is the number of control actions applied during the
process and T is the time between control actions. The continuous
time model in Eq. (1) can then be expressed as a discrete time model
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hat relates the state at time t = kT to the state at time t = (k + 1)T  by
ntegrating Eq. (1) over the period kT < t ≤ (k + 1)T  to give
k+1(x) = fk(qk(x), uk) q0(x) = qi(x) (2)
here qk(x) is the state of the part at tk and uk describes the
ontrol inputs applied to the actuators at time step tk. When the
orkpiece is in state qk(x) and is subject to control action uk (this
ncludes whatever forces, displacements, heat inputs, etc., arising
rom actuation of all tooling in the process), the process acts to cre-
te a new state of the workpiece qk+1(x). The iteration in Eq. (2)
ould in principle be solved for most known processes. Sufﬁcient
nalytical knowledge and modelling capability exists to make plau-
ible predictions of the evolution of the state, for example through
nite element methods. However, the form of Eq. (2) is decep-
ively simple, and disguises the exceptional computational burden
f solution: predicting the evolution of qk(x) for known actuator
nputs uk may  take several weeks with current computing power.
The aim of forming operations, is to ensure that at the end of the
rocess (i.e. after K control actions), the ﬁnal state of the process
atches qd, the target state required by the customer, so that
K (x) = qd (3)
In practice, it is unlikely that any process can satisfy this con-
traint exactly. Instead, the aim is to minimise the difference
etween the ﬁnal state and the desired state, where the difference
s usually expressed as the quadratic error
|qK (x) − qd(x)||2 (4)
This is referred to as a terminal cost as it is the difference
etween the ﬁnal state (at interval K) and the desired state. Some-
imes, the states and the control inputs must remain close to some
esired trajectory during processing (for example to avoid large
ontrol actions), in which case the error in the intermediate inter-
als {k = 1, 2, 3 . . .,  K − 1}, and the error in the control inputs are
dded to the terminal cost to give
|qK (x) − qd(x)||2 +
K−1∑
k=1
[||qk(x) − qdk(x)||2 + ||uk − udk ||2] (5)
here qd
k
(x) describes the desired trajectory of the states, ud
k
enotes the desired control inputs and  is used to adjust the
eighting applied to the cost on the control inputs.
All metal forming processes operate subject to both machine
onstraints (for example the range, speed or acceleration of actua-
ors) and material forming limits. Either form of constraint can be
xpressed as a vector inequality with the form
k(qk(x), uk) ≤ 0 (6)
Constraints can depend upon the inputs only, for example when
he range of allowable inputs that can be applied to actuators is
imited, or on the state only, such as when there are forming lim-
ts that restrict the amount of deformation that can be achieved
y each control action. The constraints can also depend upon both
ontrol input and state, for example in a ﬂexible sheet forming pro-
ess, deformation occurs only when the tool is in contact with the
heet, and this implies a constraint on the control input dependent
n the current sheet geometry.
Eqs. (2), (5) and (6) can now be combined to deﬁne open-loop
ool-path planning as a standard optimisation problem:
minu0 ...uK−1
{
||qK (x) − qd(x)||2 +
K−1∑
k=0
[||qk(x) − qdk(x)||2 + ||uk − udk ||2]
}
subject to qk+1(x) = fk(qk(x), uk)
q0(x) = qi(x)
pk(qk(x), uk) ≤ 0
(7)sing Technology 214 (2014) 2333–2348 2335
The solution to (7) determines the set of control inputs, typi-
cally called the “tool-path” or “production schedule” that should
be followed to create the target product. In practice, most form-
ing processes today use a control system, such as that illustrated
in Fig. 1, to ensure that the actuators follow a target tool-path. In
some cases where the actuator tool-path has a simple form, such
as in the preset of actuators prior to commencing ﬂat-rolling, the
actuator settings are determined by a model using an algorithm
of the form of (7). However, for processes such as metal spinning
in which the tool-path is much more complex, the computational
cost of (7) is as yet far too great, so the tool-path is determined by
a combination of operator experience and iterative trials.
The weakness of this approach is that it aims to match the actu-
ator settings {uk: k = 0, 1,. . .,  K − 1} to a planned sequence, rather
than aiming to match the ﬁnal state of the product, qK(x) to the
desired state qd(x), as required by the customer. In principle, if the
process model is perfect, the optimal tool-path should achieve this
desired ﬁnal state, but in reality this is unlikely for three reasons:
• Model uncertainty: The model, f, deﬁned in Eqs. (1) and (2) is in
practice unlikely to predict the exact behaviour of the process,
particularly if an approximate form of f is used to reduce solution
times. In addition, some of the parameters in the model, such
as yield stress, may  not be known exactly. The model will be
based on nominal values for the uncertain parameters, but the
true values may  lie within a range around these nominal values.
The prediction of forming limits within the constraints of Eq. (6)
will also, in practice, be imperfect.
Uncertainties can be included in the process model of (2), for
example using an additive expression,
qk+1(x) = f(qk(x), uk) + (qk(x), uk) (8)
where the uncertainty  is usually deﬁned as belonging to a set of
possible model errors ı. For example, the yield stress might take
any value from the set deﬁned by the range - Y ≤ y ≤ ¯Y where
- Y and ¯Y deﬁne the minimum and maximum possible values.
An extension to the solution of (7) could anticipate the likely
consequences of the model uncertainty in creating a predicted
distribution for the terminal cost of Eq. (4).
• Disturbances: External disturbances, such as variability in lubri-
cation, tooling wear, or variation in operating temperatures, will
cause variation in process performance compared with what is
modelled. Disturbances can also be included in the model, for
example by extending the version in (8) to
qk+1(x) = f(qk(x), uk) + (qk(x), uk) + dk(x) (9)
The disturbance dk(x) could be deﬁned statistically, for example,
by the mean  and the covariance matrix  of a (vector) Normal
distribution, dk(x)∼N(d,d) and as above, it would be possible
to predict the effect of these disturbances on the terminal cost of
Eq. (4).
• Controllability: Most forming machines are designed for a spe-
ciﬁc purpose, and it is unlikely that they can achieve all desired
states perfectly – due to limitations in actuation or tooling. For
example, in a ﬂexible sheet forming processes it is unlikely that
the actuators can create any arbitrary geometry anywhere within
the workpiece. Any state that cannot be affected by the actuators
within a ﬁnite time period is said to be uncontrollable.  Within
the literature on control systems, most discussions of control-
lability focus on dynamic controllability (Astrom and Murray,
2008), but in sheet forming, the spatial controllability of the pro-
cess also needs to be considered (Duncan and Bryant, 1997).
The concept of spatial controllability comes from the control of
distributed parameter systems (Curtain and Zwart, 1995) and
describes the ability of the process to achieve speciﬁc spatial
shapes, which depends upon the location and the spatial response
2336 J.A. Polyblank et al. / Journal of Materials Processing Technology 214 (2014) 2333–2348
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of the actuators in the process. The solution to (7) will cope with
uncontrollable states by minimising the terminal cost subject to
the constraints which can be reﬂected in the form of (6). Alter-
natively, an inverse form of (7) could be solved to deﬁne the
actuation and tooling required to reduce the terminal cost to
some target value.
It would therefore be helpful to ﬁnd a different approach from
hat of Fig. 1 for developing tool paths in metal forming processes
hat is more robust to modelling errors and disturbances. In past
imes, the blacksmith did not plan his actions in advance, but
eveloped them during production in reaction to feedback from
is own senses. Learning from this approach, if we were able to
nstall sensors within the forming process to monitor the state of
he workpiece during processing, we can imagine a different form
f tool path design using closed-loop control, as illustrated in Fig. 2.
his approach, which updates the tool path on the basis of the cur-
ent state of the part is the aspiration of the work reviewed and
reviewed in this paper: if only we could monitor the whole state
f the workpiece during processing, and if only – like the black-
mith – we had sufﬁcient actuation and intelligence to adapt our
ext actions to the current state of the product and the tools, we
ould then adjust our plans for actuation to guarantee that the prod-
ct does eventually match precisely what we always intended for
t.
Fig. 2 introduces two changes to Fig. 1: a means to measure the
orkpiece state during processing, and an online process controller
n place of the previous ofﬂine process planning expressed as Eq.
7). A wide range of sensors exists to measure the workpiece state,
nd will be surveyed in Section 4 of the paper.
An ideal forming process would allow complete and perfectly
ccurate measurement of the workpiece state qk(x) at every time
tep k. In reality, it is more likely that only part of the workpiece
an be measured at any time, and often, sensors record measure-
ents that are themselves functions of the state, and possibly of
he current actuation as well. For example, although it is usually not
ossible to measure the microstructure of the metal directly, if the
emperature of the part is measured, then information about the
icrostructure can be inferred. Equally, measurements of work-
iece geometry may  be inﬂuenced by its elastic deﬂection due to
urrent actuation, known as springback.
The workpiece state is therefore predicted by a model based
bserver h to generate a state estimate qˆk(x) based on measure-
ents yk created by whatever sensors are available, and current
ctuation uk using
ˆk+1(x) = h(qˆk(x), uk, yk) (10)tarting from an initial estimate qˆ0(x) = qˆi(x), where the index, i, is
sed to denote “initial”.
As with the open loop controller of Fig. 1, two problems limit
he quality of this state estimate:loop control of metal forming.
• Observability: The measurement system used to identify the cur-
rent state should ideally be designed so that a change in any of
the states must be detected by at least one of the sensors. Any
state whose change cannot be detected by any of the sensors is
said to be unobservable. Clearly it is a requirement of the design
of effective closed-loop control systems for metal forming that
the actuation and measurement systems are designed so that the
states of all points of interest within the part are both controllable
and observable to the extent required to minimise the terminal
cost to an acceptable level.
• Sensor noise: Measurements are susceptible to sensor noise,
which means that it is not possible to determine whether a vari-
ation that is measured by a sensor is actually a change in the
state, or whether the variation is due to noise. However, if the
statistics of the disturbances on the state, as deﬁned in (9), and
the random effects of the noise, then the observer in (10) can be
designed to provide an estimate of the state that minimises the
expected value of the difference between the estimated state and
the actual state (Astrom and Murray, 2008).
Armed with sensors and the state observer of (10), the control
system design of Fig. 2 now leads to a closed-loop version of the
open-loop optimisation statement of (7). The optimal set of control
actions can be determined iteratively using
minuk′ ...uK−1
{
||qˆK (x) − qd(x)||2 +
K−1∑
k=k′
[||qˆK (x) − qdk(x)||2 + ||uk − udk ||2]
}
subject to qˆK+1(x) =
{
fk(qˆK (x), uk) for k = k′ + 1, k′ + 2, . . .K
h(qˆK (x), uk, yk) for k = 0, 1, . . .k′
qˆ0(x) = qˆi(x)
pk(qk(x), uk) ≤ 0
(11)
Although (11) has a similar form to the earlier statement in (7),
this minimisation is different because it is applied to control actions
over the period from tk′ to tK−1 rather than the whole of the pro-
cess, and the update of the process model uses the estimate of the
current state qˆk′ (x) obtained from the measurements rather than
the modelled state. In applying this algorithm within the closed-
loop system of Fig. 2, having solved (11) to work out the optimal
sequence of control actions {uk : k = k′ . . . K − 1}, only the ﬁrst ele-
ment of this sequence, uk′ is applied to the process, before taking
another measurement of the state at the next time step to gener-
ate a new estimate of the state, qˆk′+1(x). The minimisation is then
repeated to give the optimal sequence of control actions over the
(shorter) interval from tk′ to tK−1, where the new estimate of the
state based on the measurements taken at time t = (k′ + 1)T  is used
as the starting point for the process model. This idea of performing a
repeated set of optimisations using an estimate of the current state
is a discrete form of Model Predictive control (MPC) (Maciejowski,
2000).
The terminology used here, and most of the examples in this
report, relate to closed-loop control used during the production
of single parts. However, the same theory can easily be extended
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o run-by-run control method as Rzepniewski and Hardt (2008)
id for a ﬂexible stretch forming process. In this case, k is the part
umber, uk is the actuator controls used to produce the part, and qk
o the state of that single ﬁnished part. The actuator settings would
hen be modiﬁed for the next part. This approach might be used
f either the process model or the observer is to slow to be used
nline, or if the state cannot be measured online.
The process model that is used as the basis of the minimisation
n (11) does not include the model uncertainty, the disturbance and
he sensor noise because these effects are all unknown. While it is
ossible to design control systems that accommodate these effects
irectly by minimising the difference between the ﬁnal state and
he desired state in the presence of uncertainty, disturbances and
oise (Green and Limebeer, 2012), because the controller focuses
n the worst possible effect, this tends to produce very conserva-
ive controllers that perform poorly. Instead, the calculation of the
ontrol inputs in (11) is based on the nominal model of the process
n (2) and the feedback provided by the measurements and the esti-
ates of the state from the observer h provides robustness against
rocess disturbances. In addition, the use of the feedback also pro-
ides robustness against model error, so unlike the approach of Eq.
7), Eq. (11) speciﬁcally allows the use of a less accurate model of
rocess f, and this allows great reductions in the computational
urden of the optimisation. Eventually if a sufﬁciently fast model
an be found then, just as with the blacksmith of old, the system in
ig. 2 can operate on-line.
Applying the control inputs that are the solution to the optimisa-
ion problem in (11) does not guarantee that the process will remain
table. One deﬁnition of stability is that for a bounded (i.e. ﬁnite)
et of inputs, the output must also remain bounded (Green and
imebeer, 2012). The process that we are considering uses a ﬁnite
umber of steps (i.e. K steps) and since we can only apply ﬁnite
nputs, the output from a ﬁnite number of steps cannot become
nbounded. However, the effect of instability can be observed in
scillations in the deformations applied to the sheet at successive
ontrol actions or when adjacent actuators apply opposing changes
Duncan, 1989). Although the effects of instabilities are usually
asked by constraints that prevent large inputs being applied to
he actuators, the stability of the feedback system must be checked
or all possible model uncertainties, before the controller is imple-
ented on the process (Maciejowski, 2000).
Fig. 2 and Eq. (11) deﬁne the ambition for applying closed-loop
ontrol to metal forming processes that motivates this paper. The
ext section reviews the ﬁrst attempts published to date to imple-
ent closed-loop control in different metal forming processes.
here are relatively few such publications, but the structure of Fig. 2
llows us also to look ahead to how this subject might grow: the
onversion of the current operation of metal forming in Fig. 1 to
he future proposal of Fig. 2 requires discussion of three themes –
hich are the agenda of Sections 4–6 of the paper: What sensors
ould be used to monitor the workpiece during process operation?
hat actuators can be introduced into metal forming processes to
ecreate the ﬂexibility and responsiveness of the blacksmiths of
he past? What approaches can be used to create models of sufﬁ-
ient accuracy with sufﬁcient speed to allow online operation of the
ptimisation in Eq. (2)?
. Applications of closed-loop control of product properties
n metal forming
Published reports of the application of closed loop control of
roduct properties in metal forming, as deﬁned in Fig. 2, are summ-
rised in Table 1.
In these applications, closed loop control has been used
o address errors in geometry, residual stress and materialsing Technology 214 (2014) 2333–2348 2337
properties and also to avoid defects. According to Lange (1985)
surface error is also an important ﬁnal product property, but no
examples of surface errors being addressed by closed-loop control
have been identiﬁed.
Out of these applications, closed loop control has been used most
extensively to control errors in geometry (including springback),
with this being the focus in 8 out of the 11 applications, and with
large reductions in error reported in many of these cases. Residual
stress was  the aim of just one application, ﬂat rolling, even though
this has been the focus of much research since the 1970s. This is
probably due to the relative ease with which residual stress can
be observed and controlled in strip rolling (Sheppard and Roberts,
1973, review this work). A single application aimed to avoid defects
in deep drawing, with the blank holder force controlled based on
measurements of punch force, blank holder friction force or ﬂange
draw-in. Although this approach is robust against external distur-
bances, if additional ﬂexibility were added (for example, in the
incremental deep drawing process developed by Shima et al., 1999),
then experimental trajectories would have to be determined exper-
imentally, adding lead time and setup costs. Only one application
addressed the control of material properties. Recker et al. (2011)
propose a vision for incremental forging where grain size, and
therefore material properties, can be controlled. However, although
Recker et al. have demonstrated a working observer which can
determine the grain size in the bulk of the product, they have not
yet implemented a controller.
4. State observation – measuring product properties
Since the time of Henry Ford, all manufacturers have measured
properties of concern to customers as part of their quality assurance
process and this measurement has become increasingly automated.
As a consequence of this, a broad range of sensors and observers
now exist for ofﬂine measurement of product properties. Many of
these have been adapted to provide online measurement and Sec-
tion 4.1 presents an overview of available options for their use in
closed-loop control of product properties. However, the value of
using a set of sensors depends on their arrangement around the
workpiece, and this is examined in Section 4.2.
4.1. Sensors and observers
Tables 2–6 present a survey of sensors that could be used in
metal forming processes for measuring displacement, surface prop-
erties, force, temperature, microstructure, defects, residual stresses
and materials properties. The tables report the domain over which
the properties can be measured (point, line, surface of volume) and
the sensors are classiﬁed as contacting or non-contacting (as this
may  limit their applicability for on-line control). References are
given to examples where the sensor is already used in real time
in a metal forming or related process. Descriptions of each sensor
or technique are given in Appendix A. Readers wishing for a more
detailed review of force, temperature and displacement sensors
might refer to Shieh et al. (2001).
Geometry, residual stresses and surface properties can be mea-
sured directly by the sensors listed in these tables, but where spring
back occurs after unloading the product from the process, the mea-
sured geometry may  not be that perceived by the end-user. This
problem may  be overcome in batch production by unloading the
product from the machine, or in continuous production by run-
ning the material out of the loaded zone prior to measurement.
However, both approaches lead to a time-delay in feeding back
measurements to the control system. An alternative method is to
measure the loaded geometry and use an observer to estimate
the unloaded geometry. Hardt et al. (1982) and Hardt and Hale
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Table  1
Published applications of metal forming processes with closed loop control of product properties.
Process Error signal Observed product
property, x
Controlled action, u Modelling approach Reported improvement
Three-roll bending
and straightening
Springback error in
unloaded curvature
Unloaded curvature
(by measuring tool
force and loaded
curvature)
Displacement of
central roller to vary
bending moment
Integrator (i.e.
integrated error to
determine control
action)
In bending, curvature errors <3%
(Hardt et al., 1982); in
straightening, lateral deﬂection
reduced by 53–91% over 300 mm
(Hardt and Hale, 1984); in
bending of proﬁles, error reduced
by factor of 10 (Yang et al., 1990)
L-bending  Springback error in
unloaded bend angle
Unloaded bend
angle
2D position of
bending tool, to
allow a variable
overbend
Neural network
(using a database of
previous results)
Bend angle error reduced from 4◦
to 0.5◦ in 90◦ bend (Yang et al.,
1998)
Channel  forming Springback error in
unloaded bend
angles; tearing
Punch force Blank holder force
(BHF)
Neural network
(using a database of
previous results)
Springback reduced from
between 1◦ and 8.5◦ for constant
BHF to being consistently around
1◦ with controlled BHF in an 56◦
bend in aluminium, even with
variable friction conditions
(Sunseri et al., 1996). Further
reduced to 0.2◦–0.6◦ using neural
network to determine BHF (Cao
et  al., 2000). Also shown to be
effective with steel channels
(Viswanathan et al., 2003)
Roll  forming of
U-proﬁles
Springback error in
unloaded bend
angles
Unloaded bend
angles
Bend angle of ﬁnal
set of rollers
Groche et al. (2008)
use a
Smith-Predictor to
compensate for the
delay between
actuation and
sensing.
Bend angle error reduced to 0.2◦ ,
compared to DIN regulation of
1.25◦ (Groche et al., 2008)
Multi-axis  bending
and twisting
Springback error in
unloaded curvatures
and twist
Unloaded curvature
and twist
2D position, and 3D
rotation of movable
die
Luo et al. (1996) use
an  approximate,
dynamic transfer
function in Laplace
space, derived from
classical beam
theory with elastic-
perfectly-plastic
material model. Sun
and  Stelson (1997)
and Li et al. (2007)
use adaptive models.
Errors in curvature reduced from
50%  to 10% (Luo et al., 1996; Sun
and  Stelson, 1997)
Stamping  with a
matrix of punches
Springback error Unloaded shape z-Position of each
punch in a matrix
Estimated
springback based on
difference between
tool shape and
resulting part shape.
Error in depth reduced from 13%
to  2% (Hardt and Webb, 1982);
more recently from 4.2 mm to
0.25 mm (Li et al., 2007)
Incremental  sheet
forming
Springback error Unloaded shape
(still clamped in
blank holder)
3D position of tool Allwood et al. (2009)
use an impulse
response approach.
Hao and Duncan
(2011) linearise
about a planned
toolpath.
Error in depth reduced from up
to  ±3 mm to ±0.2 mm in a 25 mm
depth truncated cone (Allwood
et al., 2009; Hao and Duncan,
2011)
Laser  bending Springback error
after cooling
Shape after cooling Position of laser on
surface
Edwardson et al.
(2004) used
contours of error
between target and
measured shape
height as a path for
the  laser.
Error in height reduced from
8 mm to 2.5 mm in 25 mm high
dome (Edwardson et al., 2004)
Deep  drawing Defects (wrinkling
and tearing)
Punch force; friction
force on blank
holder; ﬂange
draw-in; wrinkle
height; part wall
stress
Total BHF, local BHF
and/or draw bead
penetration
Trajectories found
by experiment/FE
simulations. BHF
controlled using
various approaches
reviewed by Lim
et al. (2008),
including transfer
function;
proportional-
integral controllers
with feedforward;
neural network.
Punch force control acts to
“lower the sensitivity of the
deep-drawing process to
undesirable effects” (Michler
et  al., 1994); Achieved optimal
failure height, independent of
initial BHF while for constant
BHF, failure height dropped off
quickly as BHF moves from
optimum (Hardt and Fenn,
1993); “Production reliability is
notably increased” (Siegert and
Ziegler, 1997); Only useful in
regions where wrinkling will
occur and will not avoid tearing –
needs  to be combined with
another measurement (Siegert
and Ziegler, 1997); reduced
springback and improved part
quality while die spotting can be
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Table  1 (Continued)
Process Error signal Observed product
property, x
Controlled action, u Modelling approach Reported improvement
omitted (Blaich and Liewald,
2008); prevented tearing when a
systematic error was introduced,
which caused tearing in the
open-loop case (Endelt et al.,
2013).
Strip  rolling Residual stress
caused by thickness
variations
Thickness variation
or residual stress
Setting of roll
bending jacks to
vary the roll
deﬂection
Response matrix of
actuators is
measured
empirically and used
in  controller.
Flatness error reduced to 40% of
uncontrolled value with 2
actuators (Bravington et al.,
1976); reduced to 5% with 10
actuators (Duncan et al., 1998).
Ring  rolling Form errors, corner
errors, temperature
and residual stress,
material properties,
stability.
Outer diameter, ring
centre
Position of working
roller
Yun and Cho (1985)
use a PID controller,
tuned based on a
slab-style,
non-linear analytical
model from
Hawkyard et al.
(1973). Most
industrial
controllers use a
controller based on
Koppers’s (1987)
kinematic model,
but details are not
published. Xiaokai
and Lin (2011)
simply continue to
feed the tool until
desired diameter
reached, then stop.
Yun and Cho (1985) reduce error
from  1.26 to 7.20 mm in a
non-optimised controller to
0.31 mm in their controller in a
253.44 mm ring. Xiaokai and Lin
(2011) achieved errors of ∼0.1%
in  outer diameter achieved.
Incremental  forging Material property
uncertainty
Grain size (predicted
by modelling, based
on measured
Rotation and
position of
workpiece; position
of pun
Recker et al. (2011)
share a vision for a
man-in-the-loop
No experiments yet carried out
with  control system (Recker
et al., 2011)
(
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1984), studying three-roll bending and straightening, measured
ool forces and displacement throughout process operation to infer
orkpiece moment and curvature, and hence deduce the gradient
f the elastic part of the moment-curvature curve. This was used
o predict the change in curvature on unloading (springback), and
ence allow compensation.
Defects,  such as cracks and wrinkles, can also be measured
irectly using the sensors in Table 6. However, once a defect is
lready present in the workpiece, it is often too late to change future
ontrol actions to remove it. Instead, a constraint could be used
o prevent the formation of a defect, for example based on accu-
ulated damage. Damage, and many other features of workpiece
icrostructure cannot be observed directly, but could be estimated
y an observer.
The estimation of material properties arising from particular
oundary conditions applied to speciﬁc metals has been the main
able 2
ensors that could be used to measure dimensional errors in metal forming processes (me
L  indicating contactless measurement).
Sensor/technique Domain Example real time application
Mechanical follower P Bravington et al. (1976) meas
resolution.
Direct  Induction P(CL) Cao et al. (2002) describe a se
et  al. (2009) apply this online
Laser Line Triangulation L(CL) Groche et al. (2008) measure 
Silhouette (single) L(CL) Not yet used, but requires a li
able  to identify part shape.
Boroscope L(CL) Hamedon et al. (2012) use a b
Laser  scanning S(CL) Recker et al. (2011) measure t
Stereovision Camera S(CL) Allwood et al. (2009) measure
Stereoscopic boroscope S(CL) Hamedon et al. (2012) use mu
operation.
X-ray  Tomography V(CL) Nguyen-Thi et al. (2012) measch. system, but yet to
carry out
experiments.
pre-occupation of material scientists in the past 30 years or more.
Increasingly this allows the production of bulk or distributed mate-
rial properties from surface measurements of temperature and
geometry. Recker et al. (2011) apply such models in an observer
to estimate interior grain size from measurements of surface dis-
placement and temperature in incremental forging.
Table 7 illustrates how the outputs from the sensors in
Tables 2–6 could be used by a state observer to create an estimate
of the state or product properties of the workpiece.
The evidence of this section suggests that, although the exam-
ples of closed-loop control discussed in Section 3 were largely
focused on geometric springback, a much wider range of sensors
could be applied in future online control of product properties in
metal forming. The coupling of sensors with models of microstruc-
ture evolution demonstrated by Recker et al. (2011) illustrates how
the use of observers could in future greatly extend the range of
asurement domain characterised as P = point, L = Line, S = surface, V = volume, with
s
ure thickness in ﬂat rolling. Duncan et al. (2000) use more followers to get better
nsor for measuring the draw in of the ﬂange in deep drawing. Mahayotsanuna
.
the angles in U-channel rolling
ght with a camera on opposite sides of the part. Fast image processing would be
oroscope to monitor the edge of the sheet in a shrink ﬂanging operation.
he workpiece in incremental forging
 workpiece geometry in incremental sheet forming
ltiple boroscopes to build up a 3D image of the sheet surface during a stamping
ure the internal structure of a part during casting. Takes ∼20 s to build 3D image.
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Table  3
Sensors that could be used to measure surface roughness and defects in metal forming processes (measurement of Z = distance from sensor, R = roughness, D = Defects;
measurement domain characterised as P = point, L = Line, S = surface, with CL indicating contactless measurement).
Sensor/technique Measure Example real time applications (where found)
Stylus Scanners Z, L Could potentially include atomic force microscopy
Optical Surface Measurement Z, P(CL) Frade et al. (2012) measure surface proﬁles from a working distance of 90 mm
at  57,600 pts/s.
Capacitance Techniques Z, P(CL)
Stereo Optical Microscopy Z, S(CL)
Scanning Electron Microscopy Z, S(CL) Saotome and Okamoto (2001) measure the shape of a ∼1 mm part in
micro-incremental forming
Acoustic Emissions Measurement R, L Jeong et al. (2006) determines when a layer of material has been removed in
planarization.
Inductive Technique R, S(CL)
Impedance/Skin Effect Technique R, S(CL)
Friction Measurement R, S Jeong et al. (2006) determines when a layer of material has been removed in
planarization, by measuring the frictional force to move the polishing head.
Liquid-penetrants Technique D, S
Table 4
Sensors that could be used to measure forces in metal forming processes (measurement domain characterised as P = point, S = surface; all of these sensors require contact).
Sensor/technique Domain Example real time applications
Load cell P, S These are widely applied to measure tool forces, for example Yoneyama and
Tozawa (1990) in forging, including use of an array of load cells to measure die
ﬁlling.
Piezoelectric (PE) Force Sensor P Jeong et al. (2006) measure friction force in a planarization.
Piezoresistive (PR) Force Sensor P Piezoresistive sensors could be used in a similar way  to piezoelectric sensors.
They are already used in strain gauges in accelerometers.
Table 5
Sensors that could be used to measure temperature in metal forming processes (measurement may  be D = discrete, C = continuous, B = binary; measurement domain
characterised as P = point, S = surface, with CL indicating contactless measurement).
Sensor/technique Measure Example real time applications (where found)
Thermocouple C, P Yoneyama and Tozawa (1990) measure workpiece surface temperature in a
forging process.
Bimetallic thermometers C, P Used for real-time temperature measurement in ﬂuids.
Fibre-optic temperature sensors C, P
Integrated-circuit (IC) temperature sensors C, P
Irreversible/change-of-state temperature sensors B, P(CL) Soap (which changes state at a single temperature) is often used in craft work
to indicate the annealing temperature of aluminium. Monitoring of similar
phase-changing coatings could be automated.
Liquid crystal temperature indicators D, P(CL) As above, could be used with optical sensors. Can change state at around 10
discrete temperatures
Liquid-in-glass thermometers C, P
Piezoelectric (PE) temperature sensors C, P
Thermistors C, P
Thermostats B, P
Optical pyrometer C, S(CL) Recker et al. (2011) measure surface temperatures in a workpiece in open-die
incremental forging.
Table 6
Sensors that could be used to measure defects, microstructure, residual stresses and materials properties in metal forming processes (measurement of G = grain size,
M  = microstructure, D = Defects,  = density, E = residual strain, F = features of plastic deformation; measurement domain characterised as S = surface (and in some cases
subsurface), V = volume, with CL indicating contactless measurement).
Sensor/Technique Measure Example real time applications (where found)
Magnetic-particle inspection technique D, S
Thermography D, S(CL)
Optical Microscopy G, S(CL) Yogo et al. (2009) monitors surface microstructure during hot deformation
Eddy-current inspection techniques D, V(CL) Pasadas et al. (2011) describes a handheld device to detect defects in
conductive plates. Results are shown on a screen in real-time.
Induction Spectroscopy M,  V(CL) Davis et al. (2011) use induction spectroscopy to monitor the phase
transformation from austenite to ferrite during online processing of steel.
Radiography and Tomography D, V(CL) Nguyen-Thi et al. (2012) use X-ray tomography to measure the internal
structure of a part during casting. Takes ∼20 s to build 3D image.
X-ray Diffraction (XRD) GE, V(CL) Gururajan and Ogale (2012) apply XRD to measure crystalline orientation in
polymer ﬁlm extrusion
Ultrasonic/Acoustic methods DEG, V(CL) Takada et al. (2011) use on-line ultrasound scanning to detect non-metallic
inclusions in metal sheet rolling
Acoustic-emission sensing DF, V(CL) Liang and Dornfeld (1990) used acoustic emissions sensing which detects
aspects of plastic deformation to anticipate fracture in stretch forming and
deep drawing.
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Table  7
Measurable outputs, models that could be used in a state observer, and states (prod-
uct  properties) relevant to metal forming.
Measurements Models States
Geometry
Surface
temperature
Tool force
Residual stress
(near surface)
Grain
size/composition
(near surface)
Defects (Cracks,
wrinkles, etc.)
Surface
properties
Deformation model
Heat transfer
model
Microstructure
evolution model
Damage model
Geometry
Stress, strain rate and
temperature throughout
product
Residual stress
Hardness
Toughness
Damage
Surface properties (roughness,
defects, etc.)
Grain size/composition
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t
l
Displacement/Force
Traction
Electro-Magnetic
Field
Electric Field/Current Heat
Body Force(roughness,
defects, etc.)
roperties included in the target state of controlled metal forming
rocesses.
.2. Estimating the product state from partial sensing
Many of the sensors listed in Tables 2–6 operate only at points
r along lines, so an estimate of the state of the whole workpiece
ust be interpolated from partial measurements, for example by
canning, or the use of multiple sensors. This interpolation may
ntroduce errors into the estimated state, and the errors are inﬂu-
nced by the design of the sensing system. The challenge of creating
he most information possible about the state of the workpiece
rom partial sensing is illustrated in this section with reference to
losed-loop control of proﬁle in strip rolling.
Two approaches have been used to measure strip proﬁle on-
ine: Wellstead et al. (2000) describe use of a scanning sensor
ownstream of the mill, which provides measurements along a
ig–zag line along the sheet. However, proﬁle errors between each
ine of the zig–zag will be undetected, so regardless of actuator
esponsiveness, the control system cannot eliminate errors with
avelengths shorter than the gap between proﬁle scans. Alter-
atively, Bravington et al. (1976) describe the use of an array of
ensors distributed across the width of the strip. This eliminates
he difﬁculty of observing higher frequency proﬁle errors in the
olling direction, but is restricted in the cross-direction to measur-
ng errors with wavelength greater than the spatial separation of
he sensors.
The performance limits of sensors and sensory arrays can be
nalysed by characterising possible error signals with an appro-
riate set of (orthogonal) basis functions. For time-domain signals,
his is often achieved using Fourier transforms, but for the spatial
easurements required in metal forming, different approaches are
equired. Bravington et al. (1976) demonstrate a simple approach,
haracterising cross-directional sheet thickness errors in strip
olling, as a sum of constant, linear, quadratic and variation and
elating these errors to the capability of the available actuators. A
ore general approach taken by Duncan et al. (1998), uses a basis
et of Chebyshev Polynomials of increasing order, to relate sensor
apability to available actuation. Analysis of this type assists with
he positioning of sensors, and speciﬁcation of the performance
imits of the closed-loop control system.
. Actuators for property control in metal formingIf an appropriate sensor and observer has been used to estimate
he discrepancy between the actual and target state, a closed-
oop control system can update the control actions and attemptFig. 3. The boundary conditions which can be applied in metal forming processes.
to reduce the error. In most current metal forming processes, actu-
ators are used only to do mechanical work or apply heat, but more
broadly could include any device to apply boundary conditions
that inﬂuence product properties. The range of possible actuators
is reviewed in Section 5.1, and, by analogy with the use of arrays of
sensors discussed in Section 4.2, the inﬂuence of actuator position-
ing is considered in Section 5.2.
5.1. A catalogue of actuators
Fig. 3 illustrates the types of boundary condition that may  be
applied in metal forming processes. Actuators already exist to
apply all of these boundary conditions, and surveys and catalogues
exist in many forms. For example, Huber et al. (1997) review lin-
ear mechanical actuators which can apply displacement or force
boundary conditions. Their results are organised by maximum
actuator stress against maximum actuator strain (the extension of
an actuator as a fraction of its initial length) and are recreated in
Fig. 4.
Actuators exist, to inﬂuence all of the product properties that
can be measured using the sensors reviewed in Section 4: dimen-
sional error, surface properties, material properties and damage.
However, within the bulk of the workpiece, only body forces can be
applied, by gravity or by inertial effects. Electromagnetic ﬁelds pen-
etrate only a short distance into the workpiece: Zhang et al. (1995)
report that high frequency ﬁelds penetrate only to a shallow skin
depth while at low frequency, the electromagnetic ﬁeld although
penetrating further provides much less force. Similarly, Clark and
Sutton (1996) note that microwaves act only at the workpiece sur-
face, so cannot create internal heating except by diffusion from the
surface.
For sheet forming processes with thin workpieces, this con-
straint is not limiting – and examples of laser-assisted forming (for
example, Geiger and Vollertsen’s (1993) work on laser bending)
demonstrate the application of rapid local heating. However, for
bulk forming, the fact that actuation can be applied only at the
surface, limits the spatial gradients of strain, strain rate and tem-
perature that can be applied to the core of the workpiece. This
restriction can be overcome only by reducing workpiece dimen-
sions – so a potential beneﬁt from developing nearer-net shape
processes may  be that forming workpieces with reduced thickness
may  allow more control of internal microstructure.
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of actuation, but at the cost of slower processing: Hao and DuncanFig. 4. Actuator stress vs. strain for various linear mechanical actuators.
rom Huber et al. (1997) by permission of the Royal Society.
.2. Actuator positioningThe number and positioning of actuators in a process deﬁne
ts spatial controllability – the extent to which deviations (errors)
a) A possible form of error in the workpiece b) A
c
e(x)
x
e(x
A
e(x
Response of 
actuator  i
at position x i
x
e(x)
c) An array of actuators with local responses d) A
ccan be tuned to respond to the error 
Fig. 5. A possible form of the error in state (a) anssing Technology 214 (2014) 2333–2348
between actual and target workpiece states can be corrected.
In simple cases, this error can be described as a scalar. For
example, the target of L-bending is to achieve a speciﬁed bend
angle, so Yang et al. (1998) could use a single displacement actu-
ator to provide sufﬁcient control for this scalar error. However, if
the error is more distributed, more ﬂexibility is required to control
the error. For example, Fig. 5a shows a possible form that the error
might take over a line (this might represent the error curvature
along the length of a section, for example). The actuator with the
response in Fig. 5b would not be able to control this error so addi-
tional ﬂexibility may  be created with a series of actuators (Fig. 5c)
or using a single, mobile actuator (Fig. 5d).
Arrays of actuators, such as in Fig. 5c, have been used in strip
rolling and stamping. Spooner and Bryant (1976) describe strip
rolling with an array of bending jacks and thermal actuators to
alter the shape of the work roll to control the thickness in the cross-
direction, while Li et al. (2007) describe a stamping process using
a matrix of punches to make a ﬂexible die/punch set. Spooner and
Bryant’s approach was  extended by Duncan et al. (1998), who char-
acterise both the error in strip proﬁle and the response of each
actuator using a basis set of Chebyshev polynomials. They show
that in order to control higher-order errors, an increased set of
actuators with higher-order responses is required. In addition, if
two actuators have similar responses and act over the same area,
the controller would become ill-conditioned.
Mobile actuators are used in spinning, laser forming and many
new ﬂexible processes including incremental sheet forming. Such
designs require fewer actuators, and avoid the limitations of arrays(2011) report that each forming step in closed-loop incremental
sheet forming may  take up to 40 s, and that 25 such steps might be
needed to form a complete part, in comparison of stamping cycles of
n actuator with this form of response 
ould not control an error of this form
Response of actuator
with input uk
x
)
Response of actuator
with input uk+1
positioned at x k+1
Response of actuator
with input uk+1
positioned at xk
ctuator moves from xk to x k+1
x
)
 mobile actuator with a local response
an respond to the error over time
d responses with various actuators (b–d).
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dapted from Li et al. (2007).
ne second. However, in a dynamic, thermal process (such as heat
reatment), Demetriou et al. (2003) showed that having a mobile
hermal actuator allowed more ﬂexibility in the control of tem-
erature distribution, and also achieved the required temperature
istribution more rapidly that possible with a single ﬁxed actuator.
. Process model development for closed-loop control
The minimisation required in both open-loop (Eq. (7)) and
losed-loop (Eq. (11)) controllers requires a process model and
sually also includes constraint inequalities. In both cases, the min-
misation is over all possible tool-paths, so the process model and
onstraint inequalities will be evaluated many times. In open loop
ontrol, the minimisation is performed off-line, so solution times
f hours or days may  be acceptable. However, any model error will
egrade the resulting product properties, and will inﬂuence the
pplication of the process constraints. In contrast, in closed loop
ontrol, model errors can to some extent be tolerated as sensing
rovides regular updates to the estimated workpiece state. How-
ver, because the closed loop minimisation (Eq. (11)) is performed
nline, a fast model is required.
The requirement for accurate models in open loop control has
ed to the continued development of modelling techniques for
etal forming since the start of the 20th century. Osakada (2010)
eviews the history of this development, noting a number of meth-
ds, such as slip-line ﬁelds, upper bound analysis and slab methods,
hat could be used to generate approximate analytical models.
owever, Osakada concludes that with the exponential increase
n computing power since the 1970s, the Finite Element Method
FEM) has been dominant since the 1990s.
Despite today’s computing power, FE models remain compu-
ationally expensive, and for most processes could not at present
e used online in closed loop control systems. Even in open loop
ontrol systems, they often lack sufﬁcient accuracy to achieve
ypical production tolerances in the ﬁnal product. For this rea-
on, researchers have made other approximations to develop fast,
losed-form process models.
The fastest and most approximate models used in closed-loop
ontrol of product properties are linear, discrete-time, quasi-static,
nd assume that the process model is spatially and time invariant.
n addition, the controller often uses a control horizon of one time
tep to minimise the computational cost of each minimisation. For
xample, Hardt and Webb (1982) designed a closed loop control
ystem for the shape of a part stamped with a matrix of punches
Fig. 6). They use a conservative model of springback based on the
ifference between the tool shape and the resulting part shape.
hus, the control actions are given by,
k = uk−1 − [qˆ (x) − q (x)] (12)k k
Despite the conservative modelling of springback, as well as
he implicit assumption that each punch has the same response,
 reduction of error from 13% to 2% (a factor of 6.5) was achieved inFig. 7. Incremental sheet forming.
5 iterations. However, Li et al. (2007) reduced the error faster (from
4.2 to 0.25 mm (a factor of 17) in the same number of iterations) by
scaling the error term in Eq. (12) as:
uk = uk−1 − ck(x)[qˆk(x) − qk(x)] (13)
For processes with mobile tools, in addition to actuator inten-
sity, the tool path must be controlled. For example, Allwood et al.
(2009) and Hao and Duncan (2011) applied closed-loop control
to incremental sheet forming (ISF) of axisymmetric parts (Fig. 7),
restricting the tool path to a series of circular contours with con-
stant tool indentation along each contour. Allwood et al. (2009)
determine the indentation in each step using an impulse response
approach, having determined the impulse response experimentally
at three stages in the process (early, middle and late). Hao and
Duncan (2011) linearised the process model about a planned tool
path, to create a fast online process model:
qk+1 = qˆk+1 + (qk − q¯k) + Bk(uk − u¯k) with B deﬁned so that Bku¯k
= q¯k+1 − q¯k (14)
where the bars indicate the planned actuation and workpiece state.
In laser bending, Edwardson et al. (2004) took a similar approach
for non-axisymmetric products, using contours of error between
the target and measured product height as a path for the laser,
with the same impulse response as above to determine actuation
intensity.
These process models relate to discrete processes, in which a
single part is made in a number of steps, with measurements and
control updates between each step. However, in continuous pro-
cesses such as strip rolling or roll forming, some material must be
run out of the forming zone before it can be measured and before
the actuator settings can be changed, creating a delay between actu-
ation and sensing. In strip rolling (Fig. 8), Duncan (1997) exploit this
delay to determine the open-loop response of the actuators from
small perturbations in their settings, and Duncan et al. (1998) use
a zero-order-hold approach to this delay, so after the actuator sett-
ings are changed the system waits for a steady state to be reached
before taking another measurement and generating another set of
control actions.
The discrete, zero-order-hold approach to controlling strip
rolling neglects the dynamic effects of the changes to the actuator
settings. Duncan (1995) justiﬁes this assumption, pointing out that
in many cases the dynamic effects and the steady state response are
separable if all actuators have the same dynamic response and if, in
the transient stage, the response retains the same shape but simply
changes amplitude. For actuators with slower dynamic responses,
such as those based on thermal expansion, the control system can
be designed to compensate for the actuator dynamics (Duncan,
1989). Wellstead et al. (2000) show that in order to achieve high
2344 J.A. Polyblank et al. / Journal of Materials Processing Technology 214 (2014) 2333–2348
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able within a given trajectory – in non-axisymmetric deep drawing
the blank holder force distribution can be controlled with a seg-
mented blank holder (Siegert et al., 2000) or draw beads. In the
cases reviewed by Siegert et al. and Lim et al. the state was the
Sensors measure  qk : die punch force (a)Fig. 8. Strip rolling.
ccuracy over small areas (i.e. constant thickness over small areas
f sheet), then the delay in the response must be reduced by mov-
ng the actuators and sensors closer together and by increasing the
esponse speed of actuators. However, by doing this, they show that
ften the process model can no longer be separated into steady-
tate and transient responses, and a full 2-dimensional model is
equired.
Luo et al. (1996) use a dynamic continuous process model to
ontrol the multi-axis beam bending process illustrated in Fig. 9.
hey determine an approximate transfer function in Laplace space
transformed from the time-domain) based on classical beam the-
ry with an elastic-perfectly-plastic material model. However, they
ote that with a dynamic model there is a chance that the system
ight become unstable.
Li et al. (2007) employed an adaptive model, to attempt to
ounter this instability by reﬁning the process model using the his-
ory of inputs and outputs from earlier in the process. However,
hen Sun and Stelson (1997) used an adaptive process model to
ontrol multi-axis bending, they found that there were zeros in the
ight hand plane of the resulting transfer function which would
esult in unstable poles when inverted. They therefore used the
ethod proposed by Gross et al. (1994) to cancel the unstable pole
sing a feed-forward controller.
The closed form process models given above are fast, but are not
vailable for all metal forming processes. In order to take advantage
f the ﬂexibility and accuracy of FE modelling with the speed of
hese linear models, Prud’homme et al. (2002) ran (computation-
lly expensive) FE models ofﬂine at different points in state space,
nd then interpolated between them online to provide real-time
olutions. However, the interpolation is only valid over the region
f state space modelled.
Some researchers, therefore, have used empirical process mod-
ls to control metal forming processes. For example, Hardt et al.
1982) applied closed-loop control of product properties to a three-
oll bending process, while Hardt and Hale (1984) did the same
or three-roll straightening. Rather than explicitly using a process
u(x)
Controller
Sensor measures
curvature and
twist, qk(x)
Fixed die
Movable die
Straight section Deforming region
Unloaded, deformed section
Fig. 9. Multi-axis bending and twisting.
dapted from Sun and Stelson (1997).Fig. 10. L-bending.
Adapted from Yang et al. (1998).
model to determine the evolution of the actuator settings, they
used an integrator to control the actuator. This is a sub-set of
proportional-integral-differential (PID) controllers, which are crit-
icised by Desborough and Miller (2002) as they require retuning
when process conditions change, but this is often neglected. They
are often used, nevertheless, for their ease of set-up and use.
In a more advanced example of an empirical process model,
Yang et al. (1998) applied closed-loop control of product properties
to a ﬂexible L-bending process (Fig. 10). By measuring the angle of
the bend after the initial attempt at L-bending, the machine over-
bends the workpiece in order to compensate for the springback.
Rather than using a process model to determine the actuator con-
trols they use a neural network. The network compares the input
and state following the initial bend to results of previous experi-
ments in order to determine the optimal actuator settings for the
current workpiece.
Despite extensive of work on developing fast process models for
closed-loop control, few authors have focused on evaluating con-
straints, even though Model Predictive Control described in Section
2 is particularly suited to handling them. The exception is in deep
drawing (Fig. 11), where the blank holder pressure must be set in
order to avoiding failure due to wrinkling or tearing.
Siegert et al. (2000) and, more recently, Lim et al. (2008)
reviewed the different approaches researchers have taken to pre-
dict such failures and found that in all approaches so far the blank
holder force has been controlled to maintain a measured state vari-Controller
blank holder friction (b), or draw-in (c)
Blank holder
force, ukBlank holder
Die
Punch
Workpiece
c
a
b
Fig. 11. Deep drawing.
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Fig. 12. The trade-off between model solution time and model accuracy in devel-
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Table 8
Possible future examples of closed-loop control of product properties.
Property Near-term opportunities
Geometry Spinning: Overcoming springback, both
axisymmetric and asymmetric (due to
anisotropy in the material)
Ring rolling:  Overcoming form errors
Surface properties Extrusion: Overcoming surface and internal
defects in ﬂexible extrusion (e.g. the variable
depth extruder developed by Makiyama and
Murata, 2005), by changing the temperature
gradients and ﬂow pattern upstream.
Material properties Incremental Forging: Recker et al.’s (2011) have
designed an observer for estimating material
properties in incremental forging, but have not
yet shown a working closed-loop controller.
However, as computational power improves,
the same theory as used in the observer could
be used to determine the optimal control
actions. This approach could also be applied to
other bulk and sheet forming processes.
Damage Deep drawing: Hsu et al. (2002) reviewed deep
drawing processes where the blank holder
force is controlled so that the punch force,
friction force, or draw-in follows a pre-deﬁned
trajectory. However, with more advanced
damage modelling, these trajectories could be
adapted online, to allow an approach similar to
that applied to ﬂexible incremental deep
drawing by Shima et al. (1999)
Spinning: Toolpath design in spinning is
currently performed off-line, typically by a
skilled craftsman. If damage can be monitored
and controlled using fast models, the toolpath
could be adapted or generated online.ping models for open and closed loop control.
unch force, blank holder friction or ﬂange draw-in. More recently,
laich and Liewald (2008) measure the wall stress with a newly
esigned sensor and use this as the state. Successful trajectories of
hese states were found by experiment, so only some disturbances
uch as changes in lubrication conditions and eccentric blank load-
ng could be tolerated. Hardt and Fenn (1993) note that changes to
he thickness and material properties of the blank must be known
 priori if trajectories of punch force or blank holder friction are
ollowed, while following ﬂange draw-in can tolerate these distur-
ances without prior knowledge.
In all the examples reviewed in this section, approximations
ave been used to speed up the solution of the process model and
onstraints. Future expansion of the application of closed-loop con-
rol requires more development of faster approximate models, and
he opportunity for this development is illustrated in Fig. 12.
To date, the developers of process models have been pre-
ccupied with accuracy rather than increasing speed. Osakada’s
2010) review of modelling techniques showed that since the initial
evelopment of plasticity theory in the 19th century, the devel-
pment of process modelling tools have become more detailed
nd accurate, and concludes that detailed FEM is the dominant
ool for process modelling today. This is reﬂected in the move-
ent of process models in Fig. 12 upwards, further into the
egion of open-loop feasibility. Some authors have focused on
eveloping less detailed but faster models. For example, Bramley
2001) reviews his own work in developing the upper bound ele-
ent technique (UBET), while Alfozan and Gunasekera (2003)
sed this method to design tools for ring rolling processes, and
ound that a UBET analysis took minutes compared to FEM which
ould have taken weeks. Samolyk and Pater (2004) ran an auto-
ated slip-line ﬁeld analysis on closed-die forging, and found
hat their results were within 20% of the results from FEM,
ut the analysis only took 1/10 of the time. Although none of
hese examples have been used in closed loop control of prod-
ct properties, the beneﬁt of faster but more approximate models
s reﬂected by process models in Fig. 12 moving from right to
eft, further into the region where closed loop control is feasi-
le.
. The future of closed-loop control of product properties
The review of closed-loop control of product properties reported
n this paper has revealed applications for controlling errors in
eometry and residual stress, and to avoid defects. Furthermore,
losed-loop control has the potential to improve material proper-
ies and, in future, may  be used to control surface properties anddamage. Table 8 illustrates some possible opportunities to develop
new closed-loop control processes.
Future expansion in the applications of closed-loop control (par-
ticularly in the areas of surface properties, materials properties and
damage) requires faster process models that can be run online. This
is demonstrated by the work of Recker et al. (2011) on the use
of closed-loop control of material properties. There are two  pos-
sible approaches to increase the speed of process models: to focus
development of process modelling on speed, rather than detail and
accuracy; or to develop more predictable processes.
Designing more predictable forming processes with faster pro-
cess models is a potential solution which has not received any
attention in the published literature. However, this is one of the
reasons why machining is so popular as a ﬂexible manufactur-
ing process: it is very predictable, as material is removed only at
the tool location. Toolpath generation for machining is thus much
simpler than for forming, and many computer software packages
already exist for doing this very quickly. If a predictable forming
process were designed, similar packages could create toolpaths for
forming online, just as quickly. In Fig. 12, this would be the equiva-
lent of relaxing the requirement for modelling speed, and therefore
moving the online control speed requirement from left to right.
Computing power is meanwhile growing exponentially as
Moore’s law continues to hold true. Ongoing advances in computing
power will allow increasingly detailed online process observa-
tion, modelling and control. Furthermore, designers continue to
demand both tighter tolerances and increased ﬂexibility, and pro-
duction managers continue to push tailored production scheduling
to respond to market demand. Both of these factors will further
enhance the possibilities of and the demand for closed-loop control
of product properties to overcome uncertainties and disturbances
in increasingly ﬂexible metal forming processes.
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ppendix A. Descriptions of Sensors
able A.1 Description of Displacement Sensors
Mechanical
Follower
A roller or point moves into contact with the
part, or remains in contact and follows the
surface of the part as it changes. The position
of the roller or point is then measured with a
Linear Variable Differential Transformer
(LVDT).
Direct Induction The inductance of a coil changes as the edge of
metal moves over it. The inductance can be
measured and used to determine the position
of  the edge of the sheet.
Laser Line
Triangulation
A  line is projected onto the part by a laser. The
orientation is measured using a camera, and
triangulation is used to determine the
orientation of the surface.
Silhouette (single) Place part in from of light, and take silhouette
in order to measure outline of shape (Dworkin
and Nye, 2006).
Laser scanning The surface is scanned by a laser displacement
sensor to measure the distance from the sensor
to  each point.
Stereovision
Camera
Two cameras are used to generate a 3D image
of the surface of a part.
Silhouette (series,
as part rotated)
As above, but gradually rotate the part and take
a  series of silhouettes in order to build up a 3D
image of the surface (Goldstein et al., 1985).
X-ray Tomography X-ray techniques are used to take multiple
cross-sections of the part. These cross sections
are  then put together to make a 3D image of
the part. This also gives information of internal
defects and density (Broughton and Nunn,
2006).
able A.2 Descriptions of surface roughness/defect sensors from
hitehouse (1994), Broughton and Nunn (2006), and Kalpakjian
nd Schmid (2008)
Stylus Scanners
Including scanning
microscopes
The difference in height between the surface
and a reference surface is measured either
with a mechanical follower, or a scanning
microscope (e.g. tunnelling, force).
Whitehouse argued that these methods are
similar on grounds of functionality. Even if
scanning microscopes do not require contact,
they still operate extremely close to the
surface. The tool is usually rastered over the
surface to build up a 3D image.
Optical Surface
Measurement
A laser light is shone on the surface, and effects
such as reﬂection, interference, focus etc. are
used to infer information about the surface
texture. This can measure at a point, and be
rastered over a surface, or a laser line can be
used to measure along a line.
Capacitance Techniques The capacitance between a probe and the
surface is measured, and can be related to the
distance between them.
Acoustic Emissions
Measurement
A tool is dragged over a surface, generating a
noise which is dependent on the surface
roughness. By measuring the noise, the
roughness can be calculated.
Optical Microscopy The surface is viewed with an optical
microscope in order to Identify the position of
defects.ssing Technology 214 (2014) 2333–2348
Stereo Optical Microscopy Two  optical microscopes are used to build up a
full, 3D image of a surface.
Scanning Electron
Microscopy
A  beam of electrons are projected onto and
scanned across the surface. The primary and
secondary electrons which return are detected,
and used to build up a 3D image of the surface.
Liquid-penetrants
Technique
A penetrating die is placed on the surface and
is  allowed to penetrate into defects etc. Excess
is wiped off and a developer is used to bring
out the die, in order to highlight the presence
of defects.
Inductive Technique Some correlation between mutual inductance
of the surface and a probe, and surface
roughness was  found, but this only provides
comparative measures of roughness.
Impedance/Skin Effect
Technique
At  high frequency, impendence is due to the
skin effect. The frequency can be increased
until the skin thickness is the same order of the
surface roughness. At this point, the
impedance will increase. This will characterise
the surface roughness.
Friction Measurement The friction between two surfaces is
dependent on their roughness. The friction
force can therefore be measured, and used to
determine the roughness.
Table A.3 Descriptions of force sensors from Shieh et al. (2001)
Load cell
Including load bolts.
Load cells are placed in the path of the load,
and output an electrical signal in proportion to
the force transferred through the load cell,
either using a strain gauge or hydraulic
pressure.
Piezoelectric (PE)
Force Sensor
In passive mode, PE force sensors convert force
directly into electrical signal. In active mode,
their oscillation frequency varies with
mechanical loading. Both of these effects can
be measured and related to the load.
Piezoresistive (PR)
force sensors
PR force sensors’ resistance changes with
applied force.
Tactile Sensors An array of other force sensors or displacement
sensors is used in order to measure a contact
force or deﬂection proﬁle.
Table A.4 Description of temperature sensors from Shieh et al.
(2001)
Thermocouple A thermocouple is a junction between two
metals. A temperature change results in a
voltage across the junction. Yoneyama and
Tozawa (1990) placed two thermocouples at
different depths in a tool, and used the
measurements to infer the heat ﬂow, and
therefore the temperature and tool tip of the
tool, and thus the temperature on the
workpiece.
Bimetallic
thermometers
Two  metals of different thermal expansion are
attached. When the temperature changes, the
differential expansion caused bending of the
strip, which can be measured.
Fibre-optic
temperature sensors
Relies on the dependence on temperature of
optical effects including ﬂuoroptic,
interferometric and light absorption effects,
which can be measured.
Integrated-circuit (IC)
temperature sensors
Measures the change in characteristic of a
pn-junction in a diode, which is dependent on
temperature.Irreversible/change-
of-state temperature
sensors
These rely on a change of state of a material or
coating, leading to a change in appearance
which indicates a temperature has been
reached. These are irreversible.
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Liquid crystal
temperature indicators
The molecular order of liquid crystals change
with temperature, although typically only 7-16
temperatures levels can be indicated. This
changes the optical properties such as colour,
which can be measured.
Liquid-in-glass
thermometers
Rely on the thermal expansion of liquid. The
volume of liquid is measured and related to the
temperature.
Piezoelectric (PE)
temperature sensors
Rely on the change of oscillation frequency
with temperature of piezoelectric materials.
The frequency can be measured and related to
temperature.
Thermistors Rely on the change in resistance of material
with temperature. This can be measured and
related to the temperature.
Thermostats
Bimetallic and gas/vapour
actuated
A  switch is actuated (reversibly, although
usually with hysteresis) when a certain
temperature is reached.
Optical pyrometer
e.g. infrared
thermometer/camera
The intensity of radiation from the part is
measured, and used to infer the temperature.
able A.5 Description of defect, microstructure and material prop-
rties sensors from (Kalpakjian and Schmid, 2008) and (Broughton
nd Nunn, 2006)
Magnetic-particle inspection
technique
Small ferromagnetic particles are
placed on the surface. The part is
magnetized, causing these particles to
arrange themselves. The will arrange
themselves around defects,
highlighting their presence.
Thermography The part is heated, and then the
temperature is recorded as it cools. By
monitoring the subsequent cooling,
surface and subsurface defects can be
detected.
Optical Microscopy A magniﬁed image of the surface is
taken and, with appropriate lighting,
individual grains can be identiﬁed and
measured. The composition may  also
be identiﬁed by the colour.
Eddy-current inspection
techniques
The part is placed in an oscillating
electromagnetic ﬁeld, inducing eddy
currents. The presence of defects
change the eddy currents, allowing
them to be picked up by changes in the
electromagnetic ﬁeld.
Induction spectroscopy The magnetic properties of steel
depend on the microstructure. These
magnetic properties can be measured
by exposing the material to high
frequency electromagnetic ﬁelds and
measuring the resulting ﬂux density
and ﬁeld strength, and can then be
related back to the microstructure. The
microstructure can be measured at
different depths by varying the
frequency of the electromagnetic ﬁeld.
Radiography and
Tomography
e.g. X-Ray, Photon, Neutron
These three radiography techniques
can be used to generate an image of
the part which reveals density changes
and ﬂaws.
X-ray Diffraction (XRD) X-rays are projected onto a part. The
crystal structure of the material causes
the X-rays to diffract, resulting in
diffraction peaks and troughs. The
location of these peaks and troughs can
be measured and related to the crystal
structure. With knowledge of elastic
properties, this can also give
information on residual stresses.sing Technology 214 (2014) 2333–2348 2347
Ultrasonic/Acoustic
methods
Defects reﬂect the ultrasonic beams.
These reﬂections can be detected, and
their timing and amplitude indicate
the presence and location of the defect.
The speed and attenuation of the
sound waves give information about
the elastic properties. The scattering
characteristics can be used to
determine grain size.
Acoustic-emission The formation of defects, plastic
deformation, phase transformation and
reorientation of grain boundaries
generate acoustic signals which can be
detected.
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